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SHGKRT-PULSE Cu.-1ASER DAMAGE STUDIES
OF Natl AND KC1 WINDOWS

Bii1an E. Newvnam, Andrew V. Nowak, and Denmie R Gil1
Lor Alamos Scientifie Lahuratory
Los Alamon, New Mexico  B7545

The damagre resintance of bare surfaces and the bulk internior of NaCl
and KClU windows wap measuted with a short-pulse CO; ‘aser at 10.06 (».
Farametiie studies with 1.7-ns prlses andicated that adnorbed water was
probahbly the limiting agent on muriace thresholds in agreement with pre-
vious sludien at long pulsevidihe, Rear-gurtace thresholds up to 7 J/em?
were measired tur polighed Kol windows, whereas KCL sutfares damaped at
apmroximately 60% of this level. The breakdown electiic=-faeld thresholds
of exit smtaces were only 50% of the value of the bulk matrrials.  The
pulrewtdth dependence of surface damage from | to 6% o, 10 terms of o=
dent larer tluence, smreased an t1/79,

Kev wonds: Alkals haliden; COp lager: KCl; laner damage; Laser tusaong Natly nonesecond
pulue; surtace damage,

Large dameter Nat'l windows are uned extensively an the Cop amplafaers amd target

the Helvee (10 KD) and Antaren (100 k1, progected) tusion lasers ot Lon Alamos
entifie Jaboratmy (LAST), Sinee these large windows (4b-om shameter, 8.5%-om thick)
tepiesent a rizeable porticn of the cont of b lding and maintaning there laners, a1t as
impriative that they have maximum optical damage 1esist In the expenmental stud: e
ta be peported herean, we have examined some of the mal al amld laner parame . that
atfery the s fore and bulk damage of Natl tamd K€1) for shoat (21 ne) puleen ot 100 jm.

At Lhe 197K Lased Damage Hyvmponiim, Kovalev and Tarvzullov III‘ presentedd substant val
experiimen' sl evidence that adsorbed HaO o the Himiting agent on the Grent-rmbace (1-5)
Lamape threcholds of KU windows,  They supported the hypothesis that thae smtace laver
ol wate) strongiy abnorhe the Cop pwbiation (10 cm-" at 10 6 pm [P, produoing o raprdly
expaieling vapor faont wh.oh, when o sutficaiently low density v reached, allows electya
freld hreakdown an dervrabed by the tamihiar Pashen caree Thear expriiments were cart ged
vl with TLA Cuyp laser pulner having a hiigh leading peak of 100 200 ny durat on (8150 nn
vicelime) and 2 Jong tadd (151 pn) contaiming the majority ol the pulse eaer gy Al
thet 1 the ent.atie smface. Sinee pulrevidthe of anteient (o larer |
arte mich shorter, i onny we conducted 4 sevaes of short pulse experypent s on el s face
(the moet sureeptaible to carly Tarlure) to determine of adeorbedd water s alse the primay
apenl of nnlace damage for there conditions, There are desonibed o wectaion 4

Simee mutface damage precedes bulk damage 1o Nat | waindows, we have also pde 8 care
ful semparinon of the bulk and ko te thnesholds of v tale from four prominent manu
factmers o gquantaty the attteremce and learn how mch potential amprovement may be
ponsabhle seer present by used polynhing methode These results amd a distustion are gaven
m Eection 6

Av ey an 190, Stank and Reachelt [ 8] compared the damape yeastane e of Harshaw
Polvtran Kol aml Nat ] window aurfasen ueing 1 ns il nes They mearured a4 tlurmere tatio of
% an favar of Natl In the past five vemr:, b ever, mign e aldvamies n the tenh
mologe of cpvstal prowlh and s face polishing proceswes have o ted which suggested a
rew and wmey e extensive cosparieon of KO amd Mol theeshalds Thewe veaulls appear an
sl aon /7

Ligmien an brackers amdicate the hiteratmge referemes at the ol of this papes



Finally, in section 8 we present our results for the pulsewidth dependence of exit-
surface damage for NaCl and KCl windows.

2. Description of Test Specueens

Test specimens of Na”l and KC1 were supplied by four prominent sources of high-
quality 1r crystals: Harshaw Chemical Company in Solon, Ohio (10 NaCl, 3 KC1), Naval
Research Laboratory (NKL) in Washington, L.C. (1 NaCl, 1 KC1), Hugbhes Rescearch Lanora-
tories (HRL) in Malibu, Czliformia (1 NaCl, 1 KC1), and William Fredericks at Uregon Stal
University (OSU) in Corvallis (2 NaCl). The details ot these Epecimens are listed in
table 1. To obtain a sufficiently long path length for conducting bulk-damage tests an
the thin Harshaw windows, (without interierence from concurrent front-surface dimage) the
perimeter of ¢ few harshaw windows were also polished flat. Also, two of the Hirshaw
windows were later cleaved an anr to allow a direct comparison of leaved amld polished
surface thresholds.

Table 1. Descniption of NatCl and KCI test specimens

Supplier Grewth technique trystalbhine state Surface state Fhiockne:s:.
Harshaw Stochkbarge: nongle polished with 10 mm
and Ryropoulos 0.4 pm Lindee A aipd 4 mm
HRI. Crothralsk Kiugie NaCl pelinhed Ktl: 9 me
t ULy RAE lerged/polyatal-KCl 0.V pm Lainde A Nat'l: fa nu
Hel evoeh-Kol
NKI. Ceathralskn K.nple polisihed Kel: % rm
U RAR 0.4 g Linde A Nat1l: %4 nm
[R1H ot 2 Kehange Kingle Cleaved LU R ]

t Expernimental Apparatusn and Procedure

Loser pulsen of 1.8 nn to 6% nn (FWHM) at 1O 99 pm 11-00) were emitted from a parn
twitohed COL onc T hater Zdoub le-pans amplafrer o LASL s Grpawatt Jest bavaility, Thee
Lasey providet o wyngle-lTenpitudined mode, vinele Line, and gancvan spatoal protale
output every SO secomds whiich wan tdeal tor these single-shot jer sate (l-on 1) test:,

The rhert pulnes were sliced out of the 6% ns o Hator emnasion by une of o double
Pockel cell/epark ¢ ov anrtanpgement . As allustGrated an fagnee 1, the temporal shape ot
Thewe thont pulues wan asymmetrre (300 pe ppsetawe, 1LY ne Lalitame, 10 005 levels ) A
fanly Jarge laver-heam ppot size, iomm o enlius at the 1e? devel, wan noed on the ma oty
of the s face thesheld tents. Samples vere placed ahead ot the focan of o Tom 1L

plann convex lens 4o, thene tenyn Por nae an comparvinon of bulk and s o face thieshe b,
voapat cnse padius ot 0014 mmowan obtarned ot the forun of 0 19 om LT deps. The spat sl
rrehile, measnred penrodically by o panhale scan, approximmited a gaussom dependence e
merge, temperal aad mpatial dagneostaon, andieated an tige e S bave been previoay
trncnrbed (o], ad o nomaay of the Taner tent paorameters as grven an table

Table 2 0y laner damage test parameteps

Wavelength e, 10 S pm, nangle melde TEY
Falsnewadthe I to 6% ne (Pl "
Hpet e aadvue 0 1% ta | % mw

o I ayiradiation 40 ta 60 pytes

Test envitanment Ave al b00 tore (00 meters altl )

The craiteyron tor ki bace amape wan permanent dasouptoon (pattang or ancregsed Light
sealien ) van ble under boght, whate aght allum e son with o wON wterea mnponnpe
Frolated myorobubbles coomred at the thiesheld of bulk damage et al by, werespank:
precededd the ocomreme of visahle damage by oa apall margn



Meanurement.. of the exit-surface and bulk~thresholds were satisfactorily condurted in
a11 rather than in the vacuum environment chosen by Faizullov and Kovalev [1] for most of
their tront-surface tests.  Front-surface tests of high-threshold materials in ar are
often plagued by air breakdown at the pulse peak which eftectively prevents energy in the
tail of the pulse trom reaching the gurlace. We determined that in measuring exit-surface
thresholds, the interference of air aparks was not significant when viewing w th tone white
lLight 7 microscope method.,  Previously, Hayden and Libermao [5] had fouud the exit-suriac
threshelds of o NaCl window in vacuun and air to be essentially the same, 5.7 and 5.4
J/rmr. respectively.

The transmitted temporal-pulse termination te-hnique of detecting damage wis not con-
sidered sutfaciently sensitive in these tests with large mmllhimeter=-s17e beans,  The area
af the damepe sites (mcrons 1o dianeter) was judged much tow small to block a sigmtrcant
fraction of the pulse energy.

Lxit-suttace rather than f-s damage was of primary interest in these studies sincoe,
for Jow=index gaterials like NalCl, the former almost always occurs tirst. This deniver
from the an-phase addition of the incident and reflected electrie vectors ot the rea
surface as andicated an figure 3. However, for nermal ancidence of g coherent laser beam
upor a window having parallel surfaces, the ratie of the hont=-to-rear=surface thiesholds
Cin MV/am) is dependent on the thickness and can range trom 1 te o (6], Therefore, an
there tests the windows were oriented sulticiently off normal (several degiees) to pre-
¢ lude multaiple-beam 1nterferene effects.

b Damage Mopphoiopy

Thieshold damage on the exit surfates was an the form of one nr o few thallow micre-
prin, of the apder of keveral microns dvameter lnvariably, a sepatate miorospark was
arantiated wilh cach damage site, but sparks thid cocnr ar lower laxer fluencen sith nn
discermible dapage,  Op some s faces , the prts were ellbiptacally shaped with the loay
axen parallel to polish sleeks.

Fvaidence of threshold damage an the hulk won an the fomm of one o o few tiny huhible:
temainntg wfter an rncandescent gncresparkis). High=magnitivetion studies of these hulk
siten were ol completed apon thie wrating.

v Intlaenmce of Adiorhed Wate

to adilitaon te wchlhieren photographs to establinh the exastence of o expamdiny vapor
front at an teadiated KaCl st tace, Kovalev and Faszullos TH supported therr aseertaon
that adusorhed water deteomine: the s face damage threrhold woth the tollowing evidenoe

1 At the Laser npot rize wan varred over the vge 0 10 1o 1L mmoradiun, the oon
threshold of Katl an vaounm war constant ot W MU s (G0 o) The tente
were cotnducted 1O 6 pmowith o 190 ne poulse yrset oo e remnlt wan theo
tetically predicted by therr e % Tor wpot szen Targer than the thickness ol
an adreorbed water falm uniformly abrarbirg over the nitace

A The 1 o thiedhald sncreased with presseee of the anbaeat ga Thir was expedcted
hevaune the nhock wave velooty of an expambing water capor frent s peduced ot
higher ambient pressotes, and there an an anoeeened trequency of electron ool
Frrvons with neutval part aclen Thusy teg full developn. 0t of ap electron
avalawche o the paretred tegion, o higaer electone el e regnned

" Atter an anibaal deamat o tree o thresold fram 220 te (VS Jom® by toeat g
an Nat b rir fov e with an MO acad etoly the thee bbb Tropped, upon subseque nt
temeantiement at O mnuten, ta oa value of &% 1wt i value appeared to be
a rteady ptate level as determined Dvom additional pervodor measuremente up (o !
mant he. Reawdeovpption ot oo Boo Jayver waithon 20 nonoten wan amdiat ed!

w hovalev and Farsullov 1, 7] ahaeyved Jarpe Aver n the 1 tinewanld ot
Nat ] when poe vnradiated at pubthieshold tluences (N on 1 oettect) Remov, bood
volatvle abrortbyng contaminante, ruch as watenr, wan v atedd




In vierw of thege important results conducted with long pulres, the present stuly with
1.7-ns COy pulsen wan motivated. To detedt the posaible 1t luene s of sdsorbed HzO oa NaCl
surface thresholds the ol Jowving tepls were condidted:

1. threshald versux spot aisv,
2. threshold of a ¢ leaved surtace versur tame of ampient exposme, aml
. threshuld versus total water content.

. 5.1. Threshonld versus Spol Size

Figure & exiihite the extt-surface Uhieshold measuiements of one Radl windes {1
spot=p1ze radiy from 0.14 to 1.5 mm. The vertical bars for each poaant represent the
threshold variation atrons the mample aurface. Theretonre, the solid Line dbawn throigh
the poante tould as well have been dravn horizontally, i.e., no Fpot =si12e ey " owan
evident. Similar scasuremsents on two other windows also 1evealed no definite dépemden e

5.0, Thieshald of g Cleaved Surtace

The [=-n thresheld of an NaCl windoees cleaved snp o aar (relative humnhity o 19340 wan
determined within one how to ke 1006 ¢ 0.6 J2om?. Atter ten dayr expesmre, the thre b 1d
had diopped teo 1014 1% Jw®, a dechine of .

These tests were petlormed on the front surtlbaie, anntead of the rear s tace gk wepe-
All otheyr of our testn, hecaune rrear-aurface ULekln were nel pessihle at these high- 1 haenc
levels.  When the cleaved surface war opiented as the rear saface, the polighed {front)
surface damapged tiret, theieby shielding the remy surface of nterestl . Teang Lhe polisheld
rampler avatlable, 10 war not possable to obitarn satiefactoey clbeaved srfacer ey bath
front aml 1ear

ot Thnerhold vepsur Total Water tontent

The preceme of O pens an Kt b oas sevealed by the characteristae spectral abeerp
tion peak at 1R pm, near the uv baned edpe [Ro9]0 Ax keen an f1gme By cheie wan o wiede
vanger ol O concentrat h thulk * sutfare) amenp the te;t spromens ge 1 by the weveral
trchni-uesn, W pample e 1o wae purposels Frown wilh o slipht water comentrat ien
The 1K/-nm abpmibame of the Hipshaw sample, Noo 1 4R 14 great iy excerded that o the
vthey wamples mupplied by Harchaw Tu table ) we compuie the abserbanee with the exit
it fave thieshold. 11 g appropriste ta compare the pesults fur The cleaved aned polished
windows reparately The dleaved window with preater o0 cencentrats o did have o Tower
threshold, but the pelished Horshaw cample with very high abrocham e actoally hat o
shightly Ligher thyesheld than the HRL nample with low 0 content

lalile 2 Nal ]l rxat-smaface thiegheld versun absorthanee at The um

hample Absothame ot 1K " bt threshe b
dfomt Hr-om

05U - yom ent hangre
G 6 o lmaved u 1o /1 n [

Hk1 RAF & topped

Faliahed nin L] I
oLt - goau ex hange
1 % 1 lraved (LT L 1 .

Hushaw  Stew Rlanpe
I wh 14, heel, polinhed 1non 1 1.

™ 1 0w, .\t 12 ne (1WHM

[
hee lable |ty mample thycknesaes



h.4. Discussion

The absenie of o spot-xize dependence and the decline of the surface threshold with
time tor our 1.7-ns pulsies are similar Lo the results obtained by Kevalev and Fairzullov
1V,7). Correlation of the total O ion content (bulk ¢ surfaces) was net as conclusive,
however. Direct correlation of the surface abgorption at 187 nm with sarface thyeshold
wieuld have been better. Untoertunately, surface absorption measurements of the<e reln-
tively thin samples wak not accomplished. Nowever, the one dlearly valisl comparison of
the surtace thresholds ol the two cleaved 05U crystals was consistent with absorption in a
surlbace layer of water. Thus, the results nf our three tests do support the hypothenas
that surtace damage of NaCl, for 1-ns COy pulses, results from Gl absorption.

Our observation that microsparks were associated with the tiny damage sites was not
unexpected. At surface defects (neratches, pits or included pohishing resadue) the Tocal
clectire field as enhanced, resulting in earlv breakdown most Jikely in the expanding
vapor.,  The presence ol the localized piasmos causes total setro=retlecCion amd a maximam
slanding=wave f1eld of 2.0 at the exit sutface, as descrabed by Boling ev a1 [10). karly
damage 18 4 natural conseguence,

telt-tocumang, as a comtrabutor 1o early breokdown ol the ext surtaces, wan also
ansesseds As reviewed an the Appendaix, the mapnitude of this etiect in the above tests
amd those yvet to b described was neghigible.

6. Surface versus Bulk Thresholds

In table 4, the bulk and surface thaeshondn of Natl crystals frem foanr rources are
cempaned In computing the liwtea values, the enhameement ot the electrae breld ot the
extt suprbace Gecall Tapme V) was taken mnto acoount,. JU s remarkable that the wame
value, o NWoaom, wan obtaaned for the bulhk thiesheld for each of the five? three samples
Fisteul, The ratao o exat-surface to halk thiesholds tar these wasn alno abent the same,
v In terms of ancvdent Jager fluoence (oo™ ), exit suridoen pelishod by standard
met hends survaved approxamately 205 as mach an the bulk (MW tor tiont surfacern)

Tabile v tompartsen ol bulk and exst-nurface thresholds of NaCl sangle cryntale
fampe e Butlk Smtace T
MVsiom MU, om
Harshaw 6 K- 10 JLv o, t i ({8

SEockbaor pin

NKI RAP P B (| [ L VI T (LI
1) L1

I'RI RAT dv o] Lo v ooy 091
I LI e

onr 1an ex hange Lo v 00y 1,y v o0 11/
S LI I T O tleavedd, 1a

veors aapn {106

- O Lo we
hYl 15w Wity
A Lo o g

The bulk thnesho bl af the 0L crvetal was meh Tower than antycrpated, exproially
thee s concentratoan of gmpacateen wan o very low [ 11] Trav meatterang Lites wens
vicible o the balk by une of 0 He Nee Javer (foreard soatlering, manly) Av than vayntal
W prown thoan atmorphere o arpgong 0t has heen pagpested timoantomed g vetd that the
statlermn,s sites were bnbbles o wigon gas 111) Vor a spheyvcal vord 1o Natl tn 1 e
al 106 pm) an electne biels el ement facton of 10U predicted from Bloember pen’ s,




analysis [12]. The remainder nf the difference may be accounted for by breakdown in argon
gas at some unknown pressure rather than in bulk NaCl. The threshold of this cleaved sur-
face was unexpectedly high eapecially considering that the crystal was grown, cleaved and
cleaned in 1965, 14 y.ars ago!

There are several explanations vhy thresholds of rurfaces are lower than an the buln,
Firstly, the E=-field enhancement at the exit-gurface results 1n earlier damage 1here than
in e1ther bulk or front surlace. Secondly, the surface roughness praduced by polishing
recalts in eahanced electric fields and 10creased absorption, (At 1.06 pm, House et al.
[13] found that fused silica surface-thresholds (MV/cm) were inversely proportional to the
aquare rvoot of the rms roughness.) Tiardly, polishing physically disrupts the crystalline
order of a surface layer. Fourthly, polishing compounds and pitch ave embedded aml clean-
ing methodrs cannot be 100% effective.  Fifthly, adsorbed gases, e.g., N0, alsorb the
laser energy . A'sorption s augmented by surlace roughness and embedded impurities.

To quantify the deleterious effect of polishing on the damage threshold, we tested
twe samples cleaved n air.  The results, given in table &4, provide a corparigon of -3
thresholds of adjocent polished ang cleaved surface areas. First, we poae taat the rougn-
ness of th: cleaved surfaces (M50 A) was one-quarter that of the polished sufaces as
mearured with a profriometer. Therefore, it 1s pot too surprising that the cleaved sur-
faces had muth higher thresholds, by tactors of 2.8 ard 2,0, respectively o terms of
laser fluence. The facr rhat these values were only 79 to RO% gt the bulk electric-faeld
thresholds (2.1 MV/emi andicated that the fimite youghness (50 A) may have heen o Limiting
tacton . Hutficient meisture adsorbed during the one-hour tegt period mav have als-
depressed *he damage resistance.  The reduced threshold after ten daye exposure to ambient
conditrons was albready discussed an section v, 2.

Table o, Intranee su-face thresholds of cleaved and polished NaCl (saingle-orestalo,

Surface o Threrhald Ratic of surlace to bk
Polished, 2 Jun A RMS Mem® MV/em
Limde A - 0.4 ym A 8414 1.0 1,00 Vol
I year storage R N0 0w 1.11 (0 N

Cleaved, ~ %0 A RMS

Tested within 1 hom A 1.4 v 1,00 0 /m
in Wi RI I 1/.60 0 0,0 1.4 ./
After 10 dayn R 1.1 0 .o 1.47 0 e

i =403 RH

w 0.7 mm
At 1.7 ns (FUVHM)

Hample A Heorshaw E-24-20 (KEvropoules)
Sagple N N shaw 6-1-10, Heel Noo 1 (Stackbarger)

The t-n thieshold:s gaven an table 4 mav be compared with theo exii-nmtace throeh
uldr 1o obtain the yatia, Fm Sample A, these were BoG76 1 op 10 and for hamede By
these weare 9.0/6, 0 o 1LAR, These compare well aath the theoretioal value o 1 wi

Adressing the problem of smface contamnat ton by pehishing compounds gmd pitoh, we
sibyected oo polashed wurtfacen o Auger analynas Toeo vy nimrprase, e evideme ol AL was
seen an Lhe sarl, pobiched witlh Linde A (ALO 0, nor wan canben tomnd ap the surta e
polbinhed with diamond paste!  Examination with a moye semwaative techimgue n sugpested ae
the unll vesnlt wasn nnexpeoted Foevionn sy, Turk et ai {lal had precented detymte
evidence of temoval of an abnorbing layer on s polishe ™ O s bace emovable by use of an
etehant Coee fapgme h) Fresumably, the abnoabaong ampietaes were the Fowle A, patoh Ll
Wil ed .




wWe measured no difference in the surface thresholds of Harshaw Folytran NaCl (forged,
polyverystalline) and Harshaw single-crystal material.  However, no measurement of the bulk
threshold ot Polytran was made.

7. KCI1 versus NaCl
7.1. Bulk and Surface Measurements

The bulk thresholds of beth NaCl and KCl, measured with relatively large heams
{w = 0.14 mm racdius) and 1.7-ns pulsewidth, are pi1 -sented io table 5. Included for com-
panison are the data of Seileau et al. [15] and Fradin et al. [16] both of whom tested
Hurshaw crystals with very small spot-sizes and louger pulgeforms. Although the value for
NaCl is conrastently the same, 2.1 MV/em, the threshoelds tor KCI varied more widely.
Since Harshaw has not concentrated on the grovth of KC1 windows for hgh-power, short-
pulse use to the extent that they have for NaCl {17], we believe that the NRL sample of
RC1 better represents the presently attainable damage resistance for that material.

Table b. Comparison of bulk thresholds of single crystal NaCl and KC).

Test Kulk Thresholds, MV/cem
Sontoe Conditiens Nat ] KC1 Ratia

NKL. - RAI' d ST 001 1.6 2 0,09 0.79
avrhaw = Stockbarper i J.1 1 0.2 0,76 v 0. (] 0.7
Harshaw - Stackbarper I | 1.4% 0.69

t 1.0 1, W [{E A
Y L./ nn (FWIMNY, w 0.14 mm.
h At o = 0% nr (FWIMY, partsally mode-jocked train, w 0.0 mm; data of Soaleay

et al. [IN].

1

At SO0 nn (FwiMY, W 2o, data of Teadin et ol [16],

Ar the esat-smlaces present the geal himitation to high=power laser applications, we
extended then compartoon oo polished sutfaces of bath aystalsn The resyltn, Tisted an
table ) continue to show NaCl an havopp the sdvantape.  Using the mean valu for the
sets of samples meannred, o tluence ratso of 0 64 wan obtarned.  The corresponding tield
tat 1o 1k then 0,79 which an the same an that denyved biom the laghest bylk values g n
table 4,

Table 6. Comparison of exit-smtace thresholde ot po'ished Batl and Ko

ingle-vrystal Natl LU Ratro
hunpor RYAE Y Jem®
Wt nhaw A A T 0w
L1 6210 ol OR 0 6o
HK1 L I} A LI AN B TR [T

Kt 1 [ S
Nat'l v
" 1.0 am, At I/ ns (FWIHY, A 10 6 m, 1 an 1,
Mean valve ot eaphl wamples
‘I.‘h-.nl value at theer pample-.

.Hl'-lll value ol ten nymples, .



7.2. Discussion

Based on arguments involving medium polarizability and available electrons (in pure,
de.ect~{reec crystals) to contribute to an electron avalanche, one would expect that the
damage threshold (MV/cm) would scale proportionately to atomic density divided hy n? - 1.
Such a derivation was obtained by Bettis et al. [18]. The valuesx of (A.. Density)/(n%-1)
for KC1 and NaCl at 10.59 pm are 0.28R and 0.362. The ratio of these values ix 0,80,
which is the same as that obtained from the experimenlal meagurements. Using the data
generated by Fradin et al. [16], we constructed a plot ¢* E  (MV/cm) versus the above
expression as seen in figure 7. An exact linear relati aship is not expected since some
of the physical properties of the crystals (impurities, deferts, mechanical strength,
melting point) are not inclu® . in the derivation of the abscissa. However, the general
tremd is cbvious. Such a dopendence has been observed for crystals ard thin film mate-
rials at other wavelengths, e.g., by Bettis et al. [18] at 1.0¢ pm and by Newnam and Gill
[19] at 206 nm.

Using their recent theory of electron avalanche breakdown, Sparks -t al. [#0] have
computed bulk thresholds for KC1 and NuCl at 10.6 pm to he 0.6 and 0.8 MV/em, respec-
tively. These compured values are obviously too low in light of experimental values
presented here, but their ratio, 0.8, is in agreement with our measurements,

8. Pulsewidth Dependence

The exit~surface thresholds of several samples were measured with 6% 2 3-ns pulses asn
well as the short, 1.7-ns pulsewidth used an the standard 1o this test program. The
smoonth temporal stracture of both pulseforms is seen in figure 1. Due to a difference in
the heam divergente of the laser in the long=-pulse mode, a larger spot-size radiuw: (1.4 mn)
was tnadvertantly used.  However, as demonstrated earlier in figure 4, the threshulds were
nut spot-s1ve dependent, so a direct compacison with the 1, 7-ns results (1.0-mm spol si120)
was deemed apprepriate.  The results for three samples are plotted o figure R, Consis-
tently, a straight line drawn hetween the data points exhibited a t1/% fluence dependence.
For a few other samples, not plotted heve, a slightly less-rapid increase with pulsewidth
wabk meakired.  Sinee tiny mitrosparks were generally associated with damape at asolated
smtface sites, i1 is not understood why the anticipated 112 dependence (generally asso-
cated with diffusion processes such as plasman) was not ohserved,  Possille explanat 1ans
mchude the rate of vapor expansion or the susceptibhility of surtace defects,

9. Summary

Tmis otuady of the extringic surface and bulk thresholds of Natl and KC windows with
mlbameter-diameter, 1 J-ns CO, ltaser pulses at 16,99 pm har yrelded some very saignificant
Tesults.

Titst, exat=-smrtace damage, which oconrs at 704 the fluence devel of eatrance-surface
damavr, was examined.  Thresholds up to 7 J/te® were meancred tor polished suitacer.  In
tontrast , cleaved surfaces with one-quarter as much surface roughness damaged at twice the
level of polighed surlaces, but remcasurement afrer ten days found the advantage to have
thopped to 0%, Ko mpot~gize dependence was obrerved for heam diameters from 0.8 to 3 mm.
torielation of the damage susceptibality with the total abaorptaon (bolk 4 surtaces) at
the O sron absorption band at 1R/ nm war pot totally tondlusive., Overall, however, the
ternlts of these experiments support the hypothesis [1,7] that smface damage sernltn biom
O abserption, venpled with surface roughness.

That there ap much 1oom tor amprovemesat of the damape resistanee o both Natl and Kol
nurfaces was determined from compatative measmiementx of the bulk thresholds.  Exit s
faces, with present state-of-the-art polish, damap-d at only 0% ot the electye-taeld
thieshold of the bulk, o1 at only a 20% level an terns of ancdent laser tluence (17om®)
For adeal surfaces, the thresholds at the exat o uld he as hagh ar 20% as the bhutk level
C1H/ew?) Further work on amtace preparation should be the forst prjonity.

A comparanon of the bulth and smlace thresholds of Kol oand NaCl produced be thiee
vendors asbhtaaned o faeld patio (MV/om) of ROY in tavar ol Nat)? Thar 1n a0 apreement wilh
theoretrcal predictions Fased on the election- avalanche mechamam. Finally, o pulnewidih




dependence of t1/3 was measured for a few samples of both materials trom 1.7 to 65 ns,

which was less than the anticipated t!’/2 dependence.

test specimens:
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Appendix

Measurement of the extrinsic damage thresholds of NaCl and KCI with largr laser bheame
(w = 0.14 mm for the bulk; 0.14 to 1.5 mm for surfaces) required substanlial rnputl powers.
At these power levels, inteasification of the laser radiation by self-focusing ha'd to be
carefully evaluated. Our analysis of the magnitude of seli-focusing 1n the present tests
included contributions from both fast (electronic) and transieal (electrostrictave) non-
linear mechanisms. For the laser parameters and sample dimensions used. tae compute!
nonlinear intensification was of negligible magnitude as we now review.

For a gaussian beam, the critical power fo; maintaining a constunl shapce s g.ven by
the familiar expression

P = cxi /32n°n

1 2 ‘h

where n = n, n2F. , and where n, is a composite ol ponlinear indices ine’” 4ing o, aned

Ny representing the relatively prempt electronie and time-dependent elecirostrict vve

material responses. Fer NaCl and KU1 the values o1 n used here were 4.6 and 3.7 < 10-1

le
esu, respectivelv. These values are the averapge of three sets of measurements 1o the
visible and at 1.06 pm [21,22,23]. In a recent measurement a2 10,6 g of ellipse rotaticn

mn NaCl, Watkins et al. [24] also determined that n,,. was less than 6 x 10-1% exu, whioh
wias the limit of their exper:mental sensitivaty.,  An xpression for n, was derived by

Ahkmanov et al. [25]:

ol ‘)
n, = u (pdu /dm* fanpe® A
a8 1] (4]
where poas the density and v as the radial sound velocity At 10,6 pm, the values to
NaCl are B 3, 9.4, and 9.8 x Tu-1% ¢y abtong the [100], [110], and [111] dree. tione,
respectavely. For Ko, these values are B 2, 1100, and 12,6 x 10-1% esu,  The sell-

focusing arising from electrostr ‘Lion s incomplete untahl the compressive sound wave has
transversed across the beam diamete.

Foo the electrostyactive mechanism, Kerr [26] deermined two temporal regimen oy the

critical power I'l yowhich tor a parabolosdal temporal pulse shape, ape
5

r 0.9y, 1 -1, (steady state) [

Is 1
and

")

I'l 0,94 I‘I/I I R I (*ransienpt ) (XTR!
vhere

1 Av/w , (")

(1]

with w  hegng the spot sare at the entvance ol Thie mediom o o colblimated ar went 1y

LR
focuned heam.  Far the bulk tests with 1o /-nn palees and w O Ja o, the value of 1 wan
0 64 which, from eq. (a) vaelded a pover of o CW o '.I- for bath Nacl aod Kol alony tie

[100] darectyon, Thin s o factor of 1000 Largey than 'II- CO6 ] o, 0 apectave v



inhicating o neghigable tole for electrontincbion an these tests For the sunface thiesh-
old 1ests at the same pulsewidtl, electiostnactior had even lews anfluence. 1L had only
S oAb larpge an ettect an the rlectionie sechamisn for the Gh-ne nuvlave Lents

From exact solutons of the nonlinear wave equat ton, Dawes and Marburgor |00 0R]
suggested the use of another critical power, Iy whin b paves an axiusl sinpgularity at
intinity tor an o mitially plane wave.  Pooan L2 times larper than I". anmd for Nat'l amd

| SU " hecomes Ko aml Y37 Mw, gespectavely To caloulate the ancrease of the axval

pntennity dur o rell-totusang, we used fonoulan desaved by bhawen awd Marban g

3 , ) )
e [er - 27k 0 4t - |'-”'.“./|‘.".,| ! o 1"« 0,291, 1t
1t o ' .
Al
| AR - “”"| v R -n?, b 1o 1 r s
Tiw) ’

wheve & vs the path length within the medion, R e the focal Length ot the ncudemy plase

front within the tront surtave of Lhe ped e (K rw tdw il R G lul o tonverying
1 1

heam o, W s the mpot-peze radiun L1de’ develd, &0 an the el foouang bength and oo w
"

|
mimed 1l 1y tegprved exponent For laner powerrs antermaliate o Vhe abeve . the graphin

solutrons ol Dowen and Mo burger were noed

Iu the bulk tentn of hatl, the Laner power dTevels dol et oxcerd 0,00 1) ot whin l

relt torusang prodoced a 0 5% antensibioat oo I the exit-cumrtace teatn of haod, the

iy o spol wrse o0 1 U omn IThe vernltant antensilina
Voo war o mpiteed G he Jesn than Py G5 Ten the 1T oom o0 omd thick wample: Caaparalide
but swmalle. valmern were compated 1o b b whosh has g sl ler o

vinally, we mention that Fradio et ol |29 and Smath er ol |20 have weed o it
ferer foamla ter computing the amtenaabication at the foe ple e luang bulk damayps

L Iy L TR TP r, (K1

Thie tarmala predicts muh preater gmtensificatton than s calounlated trom e above
eq (6] of Dawes and Mabhurper whitoh desorabes therr exact pumercal selat o



"Short-Pulse CO.-Laser Damage Studiec of NaCl and KCI Windows"
Newnam/Nowak/Gi11l

Figures

Figure 1. Oscillograms of CO. laser
pulseforms.

Figure 2. Schematic of CO; laser damage facility and associated diagnostics.

Figure 3. FElectric-field vectors of a
linearly-polarized laser beam at front
and rear surfaces of a transparent
dielectric.

Figure 4. Exit-surface damage threshold of a single-crystal NaCl versus CQ.-laser
spot-size radius.

Figure 5. Ultraviolet absorbance for
several Nall windows with the OH™ ion
band ut 187 nm indicated. See table 1
for si™ 12 thicknesses.

Figure 6. KC1 absorption at 10.6 m
versus thickness of polished surface
rewoved.  Atfter Turk et al. [14]

Figure 7. Bulk electric-field breakdown
thresholds at 10.6 ;m versus atomic
density/(n" - 1) for alkali halide
crystals relative to NaCl (v1.95 MV/cm).
Data from Fradin et al. [106].

MNMqure 8. [xit-surface damage threshold versus CO. laser pulsewidth for NaCl and KCI.
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